Abstract. Previously we reported that chronic renal failure in rats leads to preferential disaggregation of liver membrane-bound polysomes associated with a decrease in albumin synthesis. To determine whether reduced albumin synthesis results from reduced cellular levels of albumin messenger RNA (mRNA) or some other molecular mechanism, we have employed mRNA-DNA hybridization in conjunction with cell-free protein synthesis to determine albumin mRNA sequence content and biological activity in subcellular fractions from control and uremic rat liver. Using high specific activity albumin [3H]-complementary DNA prepared from purified-albumin mRNA, we found that total liver polysomes and albumin mRNA sequence content are increased in uremic animals. The extra polysomes are located within the membrane-bound subcellular fraction. These polysomes, however, have reduced ability to synthesize albumin in the cell-free system, and mRNA isolated from membranebound polysomes ofuremic liver showed reduced albumin synthesis. Evaluation of albumin mRNA size by hybridization analysis revealed a reduced content of intact albumin mRNA molecules per microgram of RNA in the A preliminary report of this work has been previously published in abstract form in 1981, Hepatology,
Introduction
Both a reduction in serum albumin and a decrease in albumin catabolism have been reported in patients with chronic renal failure (1) (2) (3) . In these patients, hypoalbuminemia does not lead to a compensatory increase in albumin synthesis (1) . Other studies have reported suppression of albumin synthesis in patients with chronic renal failure and improvement in both the albumin synthesis rate and serum albumin level after hemodialysis (2) . The mechanism for this response, however, has not been established, although it was assumed to be secondary to improved nutrition (2) .
In a rat model for chronic renal failure, Black et al. (4) reported structural and functional changes in hepatic subcellular membranes, including degranulation of the rough endoplasmic reticulum and an increase in autophagic vacuoles. Utilizing this model, we previously reported that chronic uremia causes a decrease in both albumin synthesis and total protein synthesis and a concomitant disaggregation of liver membrane-bound polyribosome complexes (5). This was not surprising because membrane-bound polyribosomes are known to synthesize secreted proteins, such as albumin, but it did not establish whether decreased albumin synthesis resulted from reduced levels or activity ofalbumin mRNA or a reduced function of membranebound polysomes containing normal levels ofalbumin messenger RNA (mRNA).
This question has been examined by quantitative analysis of albumin mRNA sequences in liver polysome fractions, using cloned, recombinant albumin cDNA probe (pBRalb 149).' Utilizing these approaches, we find that in chronic uremia there is an increase in total membrane-bound polysomes in the hepatocyte, a normal concentration of albumin mRNA sequences, but a decrease in full-length albumin mRNA molecules. This degradation of albumin mRNA is associated with an increase in ribonuclease activity in uremic rat liver cytosol and a decrease in albumin synthesis in the cell-free system. From these studies, we hypothesize that the uremic rat liver may compensate for accelerated albumin mRNA degradation by increasing the steady-state level of membrane-bound polysomes and albumin mRNA production.
Methods
Preparation ofanimals. Male Sprague-Dawley rats, 180-220 g (Holzmann Farms), rendered azotemic by surgical removal of the right kidney and segmental infarction of the left kidney, were housed and fed as previously reported (5) . Both control and uremic animals were killed 1-3 mo after surgery. Only those rats with a normal weight gain, a reduced serum albumin level, and a blood-urea nitrogen level of >60 mg/100 ml were utilized as uremic.
Isolation ofmembrane-bound andfree liver polysomes. Animals were killed by cervical dislocation. Livers were removed rapidly, weighed and perfused with 200 ml of cold 250 mM sucrose; 1 mM MgCl2; 300 ,g/ ml sodium heparin, followed by 100 ml of cold homogenizing buffer (250 mM sucrose; 50 mM N-2-hydroxyethylpiperazine-N'-2 ethanesulfonic acid (Hepes), pH 7.4; 75 mM KCl; 5 mM Mg C12; I mM dithiothreitol). Membrane-bound and free liver polysomes were prepared according to the quantitative procedure of Ramsey and Steele (6), as described elsewhere (7, 8) . This procedure utilizes both heparin and rat liver cell sap as inhibitors ofribonuclease activity. In addition, adenosine 2'3'-cyclic monophosphate and vanadyl sulfate were employed as ribonuclease inhibitors during the homogenization steps. This resulted in improved protein synthesis activity of mRNA isolated from rat liver polysomes. Isolated membrane-bound or free liver polyribosomes were evaluated for size by sucrose gradient analysis and used for cell-free protein synthesis. Alternatively, total RNA was isolated from the polysomes by a phenol:chloroform:isoamyl alcohol extraction procedure followed by ethanol precipitation (7) .
In vitro protein synthesis with intact liverpolyribosomes. Incubations were performed, as previously described (9) , for 15 (13) . Briefly, the plasmids were grown in bulk in Escherichia coli HB101, isolated by CsCI banding, purified, ethanol-precipitated, and digested with restriction enzyme Pst I. The digests were then electrophoresed in 1% preparative agarose slab gels, using Dingman and Peacock buffer (14) , to separate the purified inserted gene sequences from the residual linearized plasmid band. The recombinant DNA sequences were reisolated from the gel and were "nick-translated" with ["P]-deoxycytidine triphosphate to a specific activity of 3-5 X 107 cpm/,ug DNA by a modification of the procedure of Rigby et al. (15) .
Spotting of RNA onto nitrocellular filter paper ("dot blot" assay). Total RNA from uremic and control mouse liver was serially diluted and dotted onto nitrocellulose paper which had been pretreated with 3 M NaCl-0.3 M Na citrate (16). The dot blots were then baked in vacuo for 2 h at 80°C, prehybridized for 6-20 h, hybridized for 20-36 h, and washed essentially as described by Thomas (16 Preparation offractions for ribonuclease (RNAse) determination.
Uremic and control rats were killed by cervical dislocation and livers were perfused with 250 mM sucrose-l mM MgCl2, followed by homogenizing buffer (see above). The livers were then homogenized in 3 vol of homogenizing buffer and centrifuged in an HB4 rotor at 2,000 rpm for 3 min and 10,000 rpm for 10 min to remove cellular debris and nuclei. The ability of liver cytosol fractions to degrade rat albumin mRNA was also evaluated. 5 ug of poly A' RNA extracted from membranebound poyribosomes of control rat liver was incubated with equal amounts of cytosolic protein from control and uremic liver as described above. After incubation for 30 min at 27°C, the mRNA was reisolated by phenol:chloroform:isoamyl alcohol extraction followed by ethanol precipitation (7) . Degradation ofspecific albumin mRNA was evaluated by gel electrophoresis of the extracted RNA, transfer to a Gene Screen filter, and hybridization with [32PJ-labeled pBRalb 149.
Results
Previously, we observed that the average size of polyribosomes in rat liver was decreased in uremia (5) and that this effect was most pronounced with membrane-bound polysomes. In order . Normally, the ratio of membrane-bound/ free polysomes is 3.5-4.0:1 (7, 8) . In uremic animals, this ratio was increased to -5:1 (Table I) . The ability of liver membrane-bound and free polysomes to synthesize protein and albumin was tested in a cell-free system (5) . As shown in Table II , there was a 37.2% decrease in amino acid incorporation (counts per minute incorporated into protein/ microgram of polysomal RNA added) with membrane-bound polysomes from uremic animals. The ability to synthesize albumin (i.e., material with immunologic properties and molecular weight of albumin) was affected even more dramatically. As shown in Table III , albumin synthesis was reduced by 45.2%. Therefore, total production of albumin by uremic membranebound polysomes was 34% of that of control animals.
To delineate further the defect in the molecular machinery responsible for reduced in vitro protein synthesis in uremic liver, total RNA was extracted from the polyribosomes and translated in an mRNA-dependent rabbit reticulocyte system. As shown in Table IV , RNA from free polysomes incorporated more [35S]methionine than did polysomal RNA from membrane-bound polyribosomes. In addition, RNA extracted from membrane-bound polysomes ofcontrol animals was three times more efficient in protein synthesis than was RNA from membrane-bound polysomes of uremic animals (Table IV) .
To characterize the effect of uremia on specific protein synthesis, we applied equal amounts ofTCA insoluble polypeptide, obtained from translation of total cellular RNA (prepared by guanidine HCO extraction) in the reticulocyte lysate system, to an SDS-polyacrylamide gel. In separate preparations from two sets of animals, there was a decrease in albumin production with mRNA from uremic animals ( Fig. 1) . This experiment in a heterologous translation system with isolated mRNA is consistent with results obtained in the liver polyribosome system (Tables II and III) and provides additional evidence for a disproportionate reduction in albumin synthesis as compared to total proteins in uremic rat liver. Quantitative changes in synthesis of other proteins, two of which are more intensely labeled in uremic liver as compared to control, were also noted (Fig.  1) . However, the nature ofthese products has not been identified. Albumin mRNA sequence content in RNA extracts from membrane-bound and free polysomes of control versus uremic rat liver was determined by molecular hybridization in solution (7, 10) . The amount of RNA required to produce 50% hybridization can be used to obtain the relative concentration of albumin mRNA in various RNA preparations (10) . As shown in Fig. 2 , control and uremic polysomal RNA gave almost identical saturation curves for both the membrane-bound and free polysomal RNA fractions. As previously observed (7), membranebound polysomes had a 16-times greater content of albumin mRNA sequences than free polysomes.
To compute the total subcellular distribution of albumin mRNA sequences in membrane-bound and free polysomes, the relative proportion of albumin mRNA in each fraction (Fig. 2) is multiplied by the distribution ratio of membrane-bound to free polysomes in the same preparation (Table I) . Ifthe absolute concentration of RNA per microgram of liver and the albuminspecific sequences per microgram of RNA are also known, then the total content of albumin mRNA per gram of liver can be computed. Since 1 pg of purified albumin mRNA hybridizes with 5 cpm of albumin [3H]cDNA labeled to a specific activity of 5 X 106 cpm/Ag, the absolute content of albumin mRNA in all subcellular fractions can be computed (7) . As shown in Table  V , the distribution ratio and concentration of albumin mRNA sequences in uremic membrane-bound and free polysomes is unchanged from control values. However, since the amount of membrane-bound polysomes is increased in uremia (Table I) , the total amount of albumin mRNA in membrane-bound polysomes is increased (from 548 ng/g in control liver to 873 ng/g in uremic liver, Table V) .
One possible explanation for the marked decrease in albumin synthesis, yet normal concentration (and increased content) of albumin mRNA sequences, would be degradation ofthe albumin mRNA in uremic liver. To evaluate this possibility, we extracted total RNA from rat liver by the 8 M guanidine HC1 method, which has been found particularly useftl for isolating biologically intact mRNA from a variety of tissues (1 1, 20, 21). Total RNA was extracted and analyzed for albumin mRNA content by "dot" hybridization. As shown in Fig. 3 , when equal amounts oftotal RNA was dotted onto nitrocellulose paper and hybridized with a nick-translated, cloned-albumin cDNA probe, there was no difference in albumin mRNA sequence content between control (lane CON) and uremic (lane UR) liver. This confirmed previous findings by quantitative solution hybridization (Table  V) . However, when RNA from the control and uremic rat liver was analyzed for albumin mRNA size by agarose gel electrophoresis, followed by Northern transfer and hybridization with cloned repurified [32P]-labeled pBRalb 149 (Fig. 4) , there was a marked dimunition of full-sized albumin mRNA in uremic liver RNA (lanes B and D) as compared with companion preparations from control liver RNA (lanes A and C). These results suggest that albumin mRNA degradation may explain decreased albumin synthesis in the cell-free system with uremic liver membrane-bound polysomes. When total RNA extracted by the guanidine HCO technique was employed in the cell-free system, decreased albumin and total protein synthesis was found in uremic as compared to control liver RNA (data not shown).
Because previous ultrastructural studies had shown an increase in lysosomes and autophagic vacuoles in the liver of rats with chronic renal failure (4) and RNAses are known to be present in lysosomes (22) , we assayed various subcellular fractions for RNAse activity. When labeled mRNA was incubated with soluble extracts from uremic vs. control animals (either a cytosolic or detergent-treated microsomal fraction), the uremic samples digested the mRNA more completely than did the control extracts. When the digested material was layered over an exponential sucrose gradient, the uremic samples showed greater RNAse activity (degradation of [3H]-labeled HeLa cell mRNA) per microgram of total protein with either the cytosolic fraction (Fig. 5 A) or the detergent-solubilized microsomal fraction (Fig. Figure 3 . Dot-blot analysis of RNA CON * 41 *isolated from liver of control and uremic rats on nitrocellulose paper UR , * 0 t ,, and hybridized with an albumin probe. RNA from control (CON) and uremic (UR) liver were serially diluted and spotted on nitrocellulose paper as previously described (16) and summarized in Methods. Equally intense signals were found when 0.75, 0.3, 0.075, and 0.015 ,ug of RNA from control and uremic liver, respectively, were hybridized with pBRalb 149. The dilution of each sample is from left to right on the respective rows.
B)
. Uremic cytosol also showed greater ability to degrade albumin mRNA as compared to control cytosol (Fig. 6 ). When rat liver poly A' RNA was incubated with uremic vs. control cytosol and the mRNA was subsequently analyzed for albumin mRNA sequences by agarose gel electrophoresis and hybridization with a [32P] albumin DNA probe, uremic cytosol produced more degradation of albumin mRNA (lanes B, D, and F) than did comparable amounts of control cytosol (lanes C, E, and G).
Discussion
Scattered reports of abnormalities in serum protein synthesis in patients with chronic renal failure (1, 2) and electron microscopic evidence for degranulation of liver rough endoplasmic reticulum (4) in uremic rats prompted us to study in vitro protein synthesis in the rat model of chronic renal failure. Using this system, we previously reported a preferential disaggregation of membrane-bound polysomes, a decrease in albumin synthesis by uremic membrane-bound polysomes and intracellular accumulation of albumin in the uremic rat hepatocyte (5) .
To explain these results, it was necessary to obtain quantitative information on (27) . In that RNAses are enriched in the lysosomal fraction (22) , it is possible that lysosomal activation or fragility of lysosomal vesicles in uremia results in increased RNAse activity, which in turn adversely effects protein synthesis. The finding that albumin mRNA stability may be a crucial factor in regulating the synthesis of this protein in vitro has been demonstrated in another rat model system (12) . In rats chronically fed ethanol, we have found an increase in the in vitro synthesis of albumin and other exported proteins, and gel electrophoresisfilter hybridization experiments showed that ethanol administration was associated with an increase in intact albumin mRNA (12) .
A major question in studying the molecular basis for abnormalities in protein synthesis in animals under altered physiologic or pathologic conditions is the influence of nutritional factors on polysome function. It has been established both in vivo and in vitro that amino acid supply plays a unique role in regulating protein synthesis (28) (29) (30) (31) (32) . This is particularly important in patients with uremia, because it has been concluded that derangements of hepatic protein synthesis in this syndrome are secondary to dietary protein deficiency (2) . It has also been assumed that clinical improvement ofpatients after hemodialysis results primarily from improved dietary intake (2) . In patients, nutrition may indeed be a primary factor, but in our studies of uremic rats we have eliminated nutritional differences and still find specific abnormalities in hepatic protein synthesis (5) . In rat liver, the effect of fasting on protein synthesis and albumin mRNA is different from the effect of uremia. In rats fasted for 24-30 h, we have found a decrease in total liver polysomes, a decrease in total liver albumin mRNA, and a shift of remaining albumin mRNA into nontranslated cytoplasmic mRNA-protein complexes (8) . Other investigators have found that chronic protein-calorie deprivation in rats causes a decrease in liver RNA, a disaggregation ofpolysomes, and a decrease in hepatic protein synthesis (33) .
In chronic uremia, we found an increase in total liver polysomal RNA, range: 25-50%. There was also an increase in the ratio of membrane bound/free polyribosomes, but a normal concentration and subcellular distribution of albumin mRNA sequences. These findings are distinct from our previous findings in fasted rat liver, suggesting a different subcellular mechanism.
With uremia, we propose a relative block in albumin synthesis in liver membrane-bound polysomes related to partial degradation of albumin mRNA. We do not mean to imply that these effects are specific for this mRNA, but rather that albumin may serve as an example for decreased synthesis of an exported protein which is synthesized on liver membrane-bound polysomes (34) .
It seems reasonable then to consider that uremia may be influencing the expression of the albumin gene at several posttranscriptional points. This observation is not unique, in that changes in specific mRNA half-life with induction, hormonal changes, or cellular differentiation have been demonstrated in several system (35) (36) (37) . In our rat model, uremia seems to influence albumin synthesis by an increased degradation of albumin mRNA by an apparent stimulation of ribonuclease activity. This may be partially offset by an increased steady-state level of albumin mRNA in the cell, a significant portion of which is degraded. The efficient expression of a specialized, differentiated function such as albumin synthesis, therefore, involves the coordination ofmany steps in the regulation ofspecific gene expression.
